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fha Ug»6-»tH«te xetastafela atata vaa foraad la Cd 1 ^ by tha 
lnalaatt# aeattaring of aenoargle foal neutron* cn natural e*4aiw% 

t 

Tha neutreaa varo ehtainad V ho«hardir.g a Zi f t argot with neaoargie 
pro tea a fross the Rockefeller generator at H.I.T. Tha preaaaoe of «*• 
citod 1 aval a In CA*** at anarglaa of 0,720 t 0.030 Nrr and 1.120 - 0.020 
Kar waa dataeted. The tkraehold far tha format Ion of tho aataatafcla 
atata wea datemtnad aa O.hoc - 0.25 Therefor*. aithar tha 0.U20- 

Her level or tha 0.3$&^ar, hg. 6-nirute, wetnatefcle leva! vee eawlted 
Alraatly. Hther aa i! * 3 er an 5. ** U n nitron ecwaMnaa with CA*** to 
fere tha eosspeund malm* which anita aa X * 0 neutron, If tha H0.6- 
ainuta netastahla atata was arcitad directly® *»d that la nine at cer- 
tain, lta angular »e»«ntws la aithar 11/2 *r 9/2? tha angular tomentun 
of tha 8 at 10 ~ 8 -seo 0 nd netaatahla atata la aithar 5/2 er 3/2; tha 
parities at tha two nataatahla atataa are apposite to tha parity ©f tha 
ground atata If tha Inarming neutron has $ « 3l and tha parities ara 
tha ease aa the parity of tha ground atata If tha Incoming neutron has 
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i, lajararotioi 

Tim detsmiaatios ef the energy, angular eojseator., and par- 
ity of exalt ad levels la nuclei it an important ate? in obtaining 
Information oo Reaming nuclear structure. 

Theta thareet art sties of excited level* can he obtained fro* 
observation* of transition* between specific excited ttatea and between 
excited stats* and tbs ground etate la nuclei. flush transitions often 
occur after a nuclear react ion lea ret the naclsu* in an excited etate* 
Severer, these excited etate* ueaally here very short lifetias*. 

Tael ear ieeaere are nuclei haring the sene number of protone 
and neutron*, hut differing in their stability or *oda of radleestiv# 
decay. The simplest «*•» ef rm clear lac lerisa occurs when one of the 
i sonar* 1* a stable nucleus in its ground state and the other is as 
excited etate of the sane nucleus, than a« excited etate exists for 
a nea curable length of tine. It te called a net net able state. K*t*» 
•table states differ fro* ether excited state* only because ef their 
slower rat* of decay* 

In 1921, otto Kahn, the Goman redloehesist, produced «vi- 
dsuee that uranium % end urasdtw X^, both naturally occurring nuclides, 
war* iso tuple and isobar! e, but had different radioactive decay rate** 
Tor eeveral year*, this rsisalned as the only substantiated esea of 

endear ieorserisc* In 1935* It was discovered that the bosbar latent of 

79 80 

by slow neutrons prcdvmed two 1 sonars ef Sr with different 

half-lives* Since that tine, tsany exanrlee of nuclear ioor.eriiwt have 
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been discovered, A« measurement techniques Improve, tsore radioactive 
nuclides ere being reclassified «• isomeric. 

Weisaaeker provided the first theoretical explanation for 
the existence of isomers. K# shoved that by assigning t# the excited 
state an angular mesentWR whieh differs free the ground state by 3 to 
5 unite and an energy of a few hundred bilevel t« or less, a half-life 
la predicted for transition to the ground state by gamma-ray emission 
which la long enough to he observable, 

I ten eric cetaatablc states result from interaction# between 
high-energy X-raya or elect rone and stabla nuclei and fron the nuclear 
excitation which accompanies the inelastic ecnttsrin* of aloha particles, 
Aeuterona, protons, or fast neutrons. Inelastic scattering of neutrons 
1* a convenient nethod of producing excited state* in nuolel, tat croae 
•actions for rich reaction# are tnall, and large Inherent backgrounds 
are encountered. However, If the lifetime of the excited elate le long 
enough, the transition to a lower state may be observed after the bean 
of exciting usrtiolss has been removed and after competing reactions 
have died away, Therefore, the existence of nets# table etatee provide# 
a method of studying energy level# in nuclei. Comparison of the ex- 
periaeatally obtained croee section for the feraatien of the metaetable 
state In a particular nucleus with the theoretical cross section for 
the formation of the same state often facilitate# estimating th# spin 
and parity of the cetastable state and of other excited level# in that 



nucleus, 
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The half- lire* of the various known isomers rang* from frae- 
tion# of second* to years, and there la no qaalitstive difference be- 
tween an exalted state with a very short Ilf* and cae with a long life. 
Isomers hare not been found in nuclei having ns as nnabsrs below 39, 

The characteristics (half-life, excitation energy, decay echewe, con- 
version ratloe, etc.) of ieoner* of eteble nuclei nay be found la 
vsrtou* tabulation* of nuclear date, each as Seabcrg and Paarlaan (31) , 
Sullivan (S2), end hueleer Data KBS 499 <H>. 8egr* and Kelnhelt* (S3) 
hare esssebled couplet# date on all but the nest recently discovered 
iso-mers. A careful eurvey of their tables ie required when selecting 
a particular isomer for experimental investigation, The exper in enter 
cast be sure thet there are no ether radiations arising from ccccep cry- 
ing nuclear reactions which seriously interfere vith the detection of 
the decay of the retastable state. 

When the activity of a raetaetable atate ie plotted against 
the energy of the exciting medium, changes la the elope of the curve 
occur a* new excited level* of the stable nucleus are reached. She 
excitation curve chargee shape because additional higher excited level* 
la the target nucleus become available for daeay to the »etaet*ble 
state ae the excitation energy increase*, and an increase in the cross 
section for fomation of the wetastable state ie produced. Wi edenbeek 
( Wl, V?, *3, W4) has obtained such excitation curves which indicate ex- 
cited level* that decay to the netastable atate for Au^^, Kh*°*\ Cd***, 
end both isotopes of Ag. Vledenbeok (¥4) also reports excitation of 
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th* threshold lml nlone in ^ by boxbardment with f*rt neutron* 
ef bread energy distribution, and h* states that the neutron threshold 
i* the smb* si th* on* obtained in hi* X-ray work. 

taldnea and Wiedehbeck (#5), using X-ray* a* an exciting 
•tediuss, hare reported a series ef excited level* which decay to th* 
metes table stats in In 1,2 '*. Qoldhavsr, Hill, and Siilard (61) bar* 
confirmed th* existence of * isetastabl# «tat* In In 115 by Inelastic 
scattering of fast neutrons, The netastabls stet* In Xn* 1 ^ ha* sis* 
been excited by Karas* snd Arad In* (Bl) with protons and by hark- 
Horovits, maser, and Smith (LI) with hi*Jk**ns rgy alpha particles. 

Both Cohan (Cl) and Daschsk (71) have obtained excitation curves for 
la 2 ' 2 '*. bombarded by fast neutrons which indicate only th* threshold 
level. 

The quants employed in the foregoing work involving the use 
ef X-rays were obtained by bombarding thick targets with nonosrgic also- 
irons. Consequently, th* X-ray* were eentlmiou* in energy distribution. 
Prior to 1950, no *xp«ri masters had used nonoergie heavy particls* to de- 
termine excited levels by inslastie scattering for an appreciable rang* 
ef energies above the metastable state. Th* use of either quanta or 
heavy particles with a substantial energy distribution results in only 
slight changes in th* slop* of th* excitation curve at *n*rer levels, 
therefore, the exact location and sonstime* even th* existence ef excited 
level* is subject to question, Ebel (II), using nenoergie fast neutrons 
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1*7 

a* ft ecuree of miliUcij located several energy level# in h\x and 
In'* *% The change® In »lcpo of the laoaoergic neutron excitation eurvee 
at enerisy levale ere proa&ttneed enough to inepire considerable confi- 
dence, AH the level* determined by £bel appear tc he eli justly lover 
than the corresponding level# previously determined by quantoa excita- 
tion, Tfele thesle describee the use of ssbel’s technique in investigating 
the «e testable etnte and higher eneriy excited etatee in Cd '* 



IX. fBSM 



Kalf-Liraa of ?_t;oitatl 3tat»t 

Sagra and Kalnholtx (S^) feaara praaantad a datallad rerlsv 
«f Valxaaekar* a thaory ©f wieiaar iaewsrtan. Another good aurray ©f 
various theorist of molaar leonarltai it glraa by Hal* < Hi)* Suafo 
thsoratic&l quantitative aoplanattoaa for tha caatmrabla llfstlna* of 
eataatahla eta t as ara #otaplle*tad by tha daarth of datallad informa- 
tion about tha mcltua. Gcmaaquantly, stay Idffsraat nathed* for 
aaUttlatlag half-llvaa of aatastabla stataa hava baa* xug^aatad, aach 
juitlflad by different atawaptiona ooiusarnl** tha nature of tha m- 
elau*. Seth# (12), Hall and Uhlaribacfc (H2), lover. (L2), and athara 
hart dat armload fomwlae for predicting tha probability of transi- 
tion fro« an excited lava), to a Xavar level by garoa-ray anltaion. 
oor. (HI) gives a graph, based on a siapUfleatlon ef Iowan* a formu- 
la, of dacay constants v*. gmn**r ay energy for various isnltlpole 
values of radiation* This curve la a convenient method of estlaating 
either tha half-ltfa, tha caltipele erder, of tha transition energy 
of a particular panna-ray transition when two of thraa parameters art 
known quantities* 

Tha ear* oral thaory regarding gs»r*e-r»y ant sale* ( xalectiea 
rales, decay constant a, spin, parity, ate.) Includes transitions from 
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the m testable state. The fuaettwa theory of radiation utilises the else- 

deal concept of a radiation source at m eecillatiag electric or jeagaetlc 

f 

.tun t. Sis radiations are classified aa 2 electric or sagntlic di- 
pole, <paadxupole* eebupol*, etc., where i it the sagsxl&r 
carried ewey by the §*suna ray in unite of Since the rector angu- 
lar Boaeatua of the *yete» i« conserved in all nuclear reaction*, the 
eni salon of a gasa* ray by a nucleus changes Ite angular ajonoatua in 
accordance with the aaltipole order of the radiation The absolute 
difference in angular aonentun between two elate • in a nuclei** deter* 
nine# the lowest allowed cultipole order radiation that can occur in 
a transition between the etatee { £ » /I/-/I*/). Slider order 

aulttyole radiation* up to £ ^ « /1/+/X'/ are poeeibla* Kewever, 
the probability par unit tine of radiation occurring deoreaeas rapidly 
as the mxittpole order increases, so the lowest allowed aultlpole order 
it usually the only cst which contributes appreciably to the transition, 

ere apt that an alee trie 2 -pole »«y be a serious competitor to a 
0 

mgaetic S * -pola* 

The parity of a state is eaid to be odd (-} er even (♦) de- 
pending on whether a rerereal of sign of all the coordinate* of the 
system does or does not reverse the sign of the wave function describ- 
ing the state* Ferity, like angular noaentue, is conserved in a nuclear 
reaction* The parity of even electric and odd magnetic wultlpelss ie 
taken ae even (+5 and the parity of odd electric end even ragnetio 
ssiltipoles l* taken an odl (-)* Therefore, if two etatee hove the a*»e 
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P erlty, a transition between tnara lnrolrea only even eleotxia or and 
aagsatie caltipola ordara, and if too stata* hare cppoaitt parity, tha 
tranei tioa beiwaaa the® involves only odd electric and oven magnetic 
wait ip ola order*. 

The lapartwtaa of tha ea^eler siement'.sn and parity selection 
Tula* la asnifeated in tha long iiftilM of a netaatVble state. 

Internal Conreraian 

A Sudan* in an excited atata say spontaneously change to a 
atata of lower energy by editing a gam&a ray of energy ap&al to tha 
anargy difference between tha tv® dtatas ar by giving this incraaeat 
of energy to aa atonic electron in ona of It a ova ah all a. This *i&* 
tergal cc»ver*ieB ,, alaetron la ejected from tha atom with, a kindle 
energy a^aal to the eorreapeadlsg quanttm energy lera the atonic hind- 
ins aasrgy of tha alaetron and the energy of recoil* Crifimlly It 
was thought that tha energy of tha nuclear transition vea first edited 
aa a gsaaa ragr, which the® ejected a pheto-eloctrcn frors tha a ton. 
Taylor and Kott (71) shoved that internal converaion i* actually a 
priaary rather than Moocd&ry procaaa end 1# due to the direct Inter- 
action of the nucleus with it* ova alaetron*. Therefore, tha proba- 
bility per unit tiaa of decay of an excited state nay be tha tm of 
tha probabilities of tha competing game-ray mia«icn lust Internal 
©onversioa instead of tha probability of ge**m-r«y aatitalon only. 

The probability of internal conversion s«y be even great «? then that 
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of gaa»a*»r*y oialooiom Th# ojootlon of th* cor.vertion electron 
eau*#* * vacancy in th* electronic *tmet«r# of th* eton, wad there- 
for*, it 1* followed im*di*t*ly by th* «*i*»icn of character! *ti« 
X-ray* of th* ol«o*nt in quoetlon, 

Th* conversion coefficient It th* ratio of th* rat* of 
•nl** Ion of conversion electron# to th* rot# of emission of fjsswa 
ray*, Th* total sat* of al*ctron «l*8ic» i* th* arua of th* rat** 
for th* various atonic *h*U* (X, 2», etc.). Th* converelcn coeffi- 
cient 1* complicated to calculate theoretically and difficult to 
d*t«mlno esperinentally. Cancoff and Kerri eca <D1) hav* ohtaia*d 
an espreaelen for K-aleetroa conversion oo*ffiel*att which treats 
th* ojocted electron aoarelativietically and hav* also obtained an 
approriaiat* reletiviatie ezpreaclon which neglect# electron binding 
energy. Another *oure* of K-ri**ll internal converolon coefficient* 
la an *xt*n*iv* tahl* which ha* beer. privately diatrlbated hy Bos* 

(11). Th* rati* of th* K- shell to th* L-«h#ll conversion coefficient* 
i* r*latlv*ly **ay to d«t amine sap#rl«i*atally b*caue* it io only 
necessary to conpar* th* intensity of two lino* in th* saw* *l*etron 
•pact run. Goaparlaon of experimental and theoretical K/L ratio* 
affords a scans of dottmlaing whothor a gaw**-my traaeitioa i* an 
aloctrlo or scgnstie Kultipol*. 

Axel and Dan caff (Al) h*v« found good *gr**»*nt between th# 
«ay arisen tally determined lifetimes of about 50 loonoro and th* the- 
oretical lif*tln«* predicted hy th* *1* stacker hypothesis and corrected 
for internal convert ion. 
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p mt ro n ircl t atisn of ^testable levels 

.txcitation of a net* stable atate In a nucleus by feouberd- 
iag the nucleus with fast neutron# la a special caea of inelastic 
scattering cf fa at nsatrens. The process it shove diaframriatlaaliy 
in Hgur# 1. 2oabar&atRt by neutron* with las# energy than the en- 
ergy of the first excited state of the target nucleus, 8,, result* 

In einple elastic scattering, and the nucleus is left In its ground 
state. If the neutron energy is Higher than the eowpound nucleaa 
east decay to or to the ground state of the target nucleus. The 
lowest neutron energy capable of leasing the target nucleus In its 
first excited etate is the energy of that state. The aetaetable 
state generally la only a few hundred kilovolt* above the ground 
State and will he one of the first levels to ho exalted, The sol*«- 
tlcn rulee tfcioh prevent the rapid decay ef a notastahle state i«y 
also prevent its ready excitation frea the ground state directly. 
Since hath selection rules and energy requirements mat he satisfied 
in nuclear reactions, it nay he necessary to excite a Hi#er energy 
level which will decay by gaassa-ray emission to the aetastahl# state, 
figure 1 Shows the direct and indirect methods of producing state 
(assumed aetastable) in a hypothetical cucieu#. The rarfchad which 
actually produce* the aetastable state depends on the spseifle selec- 
tion rale* which aerate. 

The cross section for exciting e netastable state Is the 
product of the erase section, <5 , for exciting the compound nucleus 

V 

and the probability, that it will decay to the metaetable state. 
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SCHEMATIC DIAGRAM OF NEUTRON SCATTERING 



Blatt and tfelsekopf (B3) hare derived an expression to t 
the cross section for ths formation of tho compound nucleus by neutron 
bombardment n a function of neutron energy and the orbital angular 
neuentua, J l , of ths lncoaing neutron r slat Its to the target nucleus. 
Ths expression 1st 

<5 l) » (2 ^ ♦ l)tr^ £ , 

efeers 

A » ware length of the Incident neutron, 

T^ * traneaisslon coefficient for a neutron through the 
nuclear turf ace. 

Assuming there is ne potential for neutrons outside ths target nucleus, 
ths transmission coefficient 1st 



there 



H ( — )•» 

i 



I 



x » S3 j k * neutron ware number outside the nucleus, 
X * KB. i X * neutron vat* number Inside ths nucleus, 

8 • nuclear radius, 

factor depsnling on x and 1 . 

Methods for computing X and r are given by Blatt and Weisskopf. 



The probability for decay of the easrpound nucleus to a given 
excited state of the target nucleus nay be determined by utilising the 
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reciprocity theorem 



CT(A -—1) w C T(B->A) 

<*/ <* 3 > 2 

ebleh relates the cress sections for trsnaitions in 'bo th dirsotlens 
bstvoea tvo statss. Considering neutron oral ••ion «• the only method 
of done/, the nrobabllity of the compound nuclei dseaying to • state 
having energy ^ above the ground state of the target nucleus compared 
to the n other states haring oner glee 8^ shore the ground state is: 



(5 * f > 

i-n * 

51 (8 - sJcr(Ts £ ) 

i»l 1 1 
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afeere 

CT (* t , i> ) * cross meet ion for formation of the oeapaund 
nucleus from level 1 , 

3 * energy available for decay of the compound nucleus to th# 
ground state of the target nucleus. 

The cross section for th* formation of the metnetnhle state cannot he 
secure tely computed unless the cross noeticne for the formation of the 
eonpeund nucleus from ell possible levels in the target nucleus are knovn. 
The calculation outlined ebeve applies specifically to th* cate uhere the 
metaetahle etete ie feraed only hy direct decay from the compound nucleus. 
In many cases the compound nucleus vlll decay to en intermediate excited 
state, which then decays to the «• testable state. Vhea this condition 
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exists, appropriate correct 1 gt.«, ijarelvl*#; probabilities of ge* m&» 
ray sraiaaion, «wi»t be eypliad to the abayc oalaulstiea, 

gmtroR Twwi Fh ote B ^c ita tion of Metestabls States 

Suring the rroeesa of Ineleetle scattering, a twrget .mualeua 
any absorb fror, a-gr incident aeutran tha *a«r<y reared to raise it- 
self to as exalted state, providing tha neutroRpeeeeeaee kinetic energy 
eqaal to cr fester than the energy ef -the particular exalted state, 
Kewcrer, for the ease of photon o, production of aw -yelled state in a 
tar^jftt mol aw* lnvolvoi Use absorption of only pbotSste of the ame 
nnrgy «« that of the excited state* 

hhan a aetastahle state 1* pr a &a e aft In a caelena, the excit- 
ing jsedlm met carry la the aarypalar eseneatm resatred to change the 
spin ef the nucleus fron that of the grmaA elate to that cf th« seta* 
stable abate, SHreat product! on of a »*tft*t*hie state by qwar.beet 
excitation i# vary iarprcb&blc because the n^e ae&eotlen rules which 
tnwir* the long lifeti»« of a netastahle state also prevent the nasleae 
froa absorbing rsAlxtlee corresponding to a transition frcs the gwsunt 
etate to the eetaetefele states t T nd*r such a llRitation, ttetaetable 
etstos, produced by practice! 1st eaai ties cf photon. benbarsfetect, mot 
he forced in tvo step*. A hl*ihly exulted elate of tha nucleus is 
produced, which then deeeys by tpusaa-rny trendtlcnn. A fraction of 
these decay* is to the mataatsblo state, 

houtror-e here A feigner probability than fosntft of ©arsying 
Into the target meleue tha 3 or U units of angular a e sastu a usually 
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required to excite the a# testable state d Ireotly from the ground state, 
m*l (31), using maosrgie fast neutrons as bombarding particles, v»# 
able to excite the aetaetabie state directly fro* the ground state la 
Au 1 '^, hut not la l* 11 *'*. Of course, neutrons hare a great*** probability 
of carrying only one or teo units of angular noaentun Into a target 
caelsus and, therefore, nay also excite thess higher energy 1 arsis 
uhlah are excited directly fro* the ground state by photon be»Wdaent„ 



m. MtMsxam* 2qh?us«w? 



tiigMCW. Aiaum 

7h* Ll*(p,n)®e^ reaction, which give* a relatively high 
yield of nearly moaoergic neutron b, was used as s source of fast 
aeutrone for this experiment, If neutrons of known and constant en- 
ergy are to he obtained from this reaction, the energy ef the protons 
Must be accurately known sad esust rewain constant throughout indi- 
vidual seel tat ion runs, Protons with the required characteristics 
were obtained fro* the H, I,f, Rockefeller electrostatic generator. 

The ii^(p,n) reaction is endoergic, having a q, value ef 
- 1,^3 Kev, At its threshold, 1,88 #ev, it supplies 0,02 9-fc'ev 
neutrons In the forward direction. 

The target vae prepared by evaporating Ketallie llthltoi 
onto a tantalua backing, Te insure a uniform target thickness and 
to prevent boiling off of the lithium during generator operation, 
the tantalum backing was located accent ric to both the lithium fur- 
nace and the proton besa and was continuously rotated during target 
preparation or proton beabar&sent. The vaeorau, which is Maintained 
in the accelerator tube end deflection chamber, prevents the lithium 
fro* being oxidised. Target thicknesses were determined by Tasehefc 
and B emend inger’ s (T2) method of assuming the thickness in Kev to 
equal the energy increment between the neutron threshold and the 
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fir»t ( geometrical) pea k of tho yield curve ter soro degrees. the 
tantalua hackle* stops ell the protone, hut doee not react vlth neutrons. 

tockefeller Generator 

the unenalysed beam of charged pertteloe eonelete of protene 
and diatonic and triatenle hydrogen lent. Tho accelerating tube la 
kept under reman, so that the lone suffer very fev collisions and are 
nearly monoergic. the voltage across the tsminals of tho generator 
dotoraines tho energy of the beam. After passing down the accelerating 
tube, the proton beam le lent through $0 degrees by an analysing «ag- 
netle field, the lean is focused at the top of the tube by a lane ef 
adjustable voltage. Its cross section is defined at the bottom ef the 
tube by two pairs of erossod adjuetablo elite, the details of the prln» 
clple, operation, and usa ef the nachlne have bean veil covered in the 
literature <J1, *6, n). 

A nuclear- resonance method is used for controlling the field 
ef the analysing magnet, this allova fine control and accurate neae- 
ureaent ef the energy of the proton bees. The frequency of the nuclear 
resonance le measured and le related to the energy of the protons in 
the beam by the expression ( Scho enfold and Buborg (34), Hadden 00) )< 

X - kf 2 , 

where 

X • preton energy, 

f « frequency of nuclear resonance. 



.1 







• I - , ;v ... 



1.8 



. evlngten (X*3) glvaa tha total usaerteinty is tha proton taargy aa 
2 5 Ear. 

fha neutron arser^y may he calculated uaing the maaturad 
valu* of proton energy and tha lava of acaaarvatlen of maaa-aaariy 
and Ko»antua. A tub la of neutron anargiae cerreapondiag to various 
proton energies fcaa bean calculated in thia manner by Willard (%&) 
and vat uaad by tha author far thia invaattgatlcn. 

M « *«mr a^a nt of Rautron Yield 

Yh* yield of neutron# vaa naawrad with a long counter aim- 
liar in doai^a to that of Season and Mc^lbban (Rh). Thia counter it 
shown l» Ttfnxro 2. fha csdrirw ahield provosts nautrona of vary law 
anargy (multiply aonttorol from the floor, valla, ate,) from entering 
the paraffin, end, therefore, raoat of tha neutron# which reeeh tha 
central counter ha va only thermal energy, stryerimanta have provad 
that that* eh*raot*ri«tica of con struct ion, together vith tha correct 
comhination of physical disennios* jack# a counter of thia type asuaily 
aenaitiva to all neutron# vith energies batveen 0,5 and 2.5 Her (Hb, 
v6). The counter used during this Investigation ftaeraoees im relativ# 
sensitivity for nautrena vith energies helov 0.$ ttev, as ahevn in 
figure 3 («6). 

Tha associated electronic equipment consisted oft 

(a) Regulated high-voltage supply (R, X.T. ServoaechaaimBS 
laboratory, Xleotroaia Buelear Xnatraasentation Prefect), 



(h) I odal 100 preamplifier. 
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Figure 3 

RESPONSE OF THE LONG COUNTER TO MONOENERGETIC NEUTRONS 
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(e) Modal 100 amplifier. 

(d) Modal 105 Atonic Instrument Company decade scalar. 

I tores (b) and ( 0 ) are described in detail "by Users and Sands (12). 

Solnt Illation Countoy 

The decay of the uetastable state was detected by naans of 
a scintillation count ar, The counter consisted of en S3A type $819 
photoaultiplier tube with as anthracene crystal cemented to Its win* 
dev with Canada baleen. The crystal was approximately 1 1/2 Inches 
in dlanetdr and 5/16 inch thick. In erder to increase the light re* 
flection inside the crystal, its exposed sides vsre corsred with 
0.00025” Inch aluminum foil. A O.oU-inch mu natal shield, for the 
purpose of reducing stray eagaetle fields, eurreunded the sides ef 
the tube and the crystal. The entire counter was encased in a 3“ inch 
lead shield, which reduced the background due to stray radiation. 

The lead shield was also light-tight. A brass slider, extending into 
the lead shield, permitted rapid and convenient changing ef experi- 
mental samples. The slider contained a circular cavity, far reoalvlng 
3-em, diameter foils or disks, Witch positioned the sample in line 
with the axle of the tube and about 3 *». from the crystal. 

The output of the phototube is extremely sensitive, even 
to very snail fluctuations in input voltage. Therefore, if comparable 
results are to be reproduced over a period of time, voltage stability 
is necessary throughout the electronic setup associated with the scin- 
tillation counter. Sola const ant -volt age transformers were used as 
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sources of power for ell electronic unite, end • special voltage 
stabiliser vae Inserted between the high-voltage supply and the 
phototube Input. 

The power for the phototube wee supplied by a regulated 
high-voltage supply of the type described in the previous eeetlon. 

Tha phototube el^nal was fed through a cathode-follower preamplifier 
into a Model 100 asapiifier (152), The output fro» the amplifier vae 
fed into a 5'cdel 210 ( ecele-of- 32 ) a 1 ngl e- channel differential die* 
crlainator which had been altered in thesanner described in Appendix A. 

The reproducibility of result® given by thle equipment wee 
eetabllehed by counting the decay of radioactive standards at frequent 
interval* during the investigation. 

Piet luua- Scree* Counter 

A plat ir.ttsi- screen ganaa-ray counter, which is currently used 
by the Radioactivity Center of the K. I.T. Phyalcs Department for &e- 

teraining absolute disintegration rate*, wee employed to obtain the 

* 2*0 3 

absolute rate of enieeion of gamma raye by a sample of Eg ‘ . The 
counter ie eieilar to the pletimua- screen counter investigated by 

Peacock (fZ) during hie determination of gaasa -ray counter efficlenoiee. 

203 

The standardised Hg temple vae needed for estimating the efficiency 
of the acint illation counter. 
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sr. tmmaav* or m 1u 

111 



Hattuah, the Austrian physicist, haa postulated two rule* 
ragardlng tha exittenca of nataatafela #t*t**j 

(a) laeatariaa doa* not occur In ratelal having an itk 
snafear of proton* and ns cv*a mmfear of nautron*. 

(fe) Iconoriae occur* only la nuctlol vhieh h«va ground- 
•t«to opiftft of 1/2 or 9/2 or gra«tay. 

20 ^ 

Ffe , as *▼•»-***» nuelaoa, la usually report ad a* haring a 

68-»lnuta R«t»*t*fela atata (not dafinltaljr a*t*feliah«d aa iaontrio) and 

appaar* to violat* rula (a), Au*^, having * ground- atato rpln of 3/2 

and a 7*5~a«oond natn»tftfela atata, violate* rala (fe). Ko voter, aueh 

rule* should not t« axpaeted to to without exoaptlon, and they at least 

••!&#* % posolfelo ieeaarlo nuclei for a given m«i mnfear. 

Cd 1 * 1 , with a crou»4-ftat# apia of 1/2, confer** with both of 

Mattueh'a rul*«» Therefore, It v«* not *urorl*ing that ViodenfeacV- ( W7) , 

is 19Uh, reported tha existence of • H8, 6-mlnute xetastafele atata in 
111 

04 „ tfledenfeeek erroneously dster»ln*d thia •Bergy to ho 0,193 

afeeve tha ground atata, Sola (HI), in 19^7* dotoralnad *p#ctrcgraphi«- 
ftlly that tha saargy of tha netastafela *tata was 0.381 War shore tha 
ground atata and that it dseayas fey gaatna awissiea to a loral 0.233 Nav 
afeove tha ground atata, which thaa decayed to tha ground atata fey gam a 
anlaaica. The currently accepted value* for these level*, 0.396 War and 
O. 2 U 7 Her, vara dotsntlcsd fey Halnfealts, Say ward, and KcGinrde (H3) with 
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tt rsAfjBotlc lens spectrograph, Ck>ldh*b#r and Mnelhaue# (G2)„ by eb- 

serrlag th* (a, 7) reaction la Gd 1 * 0 , )»?» confirmed that th# b8.6- 

mi?cat* netastabl* state exists la G&**\ beet# eh (32, D3> enbsequsntlj 

determined that the 0,247*771* ensited level ?! aeayed with a half-Ilf# «f 
-8 

8 x 10 aaccndj and this level ha# been reclassified «e a etcend seta- 

111 

etable a tat a la Od „ Therefor®, this isotop# it t»i»7u# because It 
1# the only stahl# nucleus e*3?raa$ly known to bar* nor* than on# 
as testable state, 

yit&r* 4 is aa energy l#*sl diagram for Cd 111 , It contain# 
all #f th# carraatly published Information (Ul) about th# decay #f th« 
excited #tat#» of th# nucleus and about th# decoy of neighboring iso- 
topes to Cd 1 ^ by beta emission and E-captur*. The pretense of th# 
four M*h#*t excited 1 arsis was Indicated by tfiedsnbeck 1 s (¥7) exci- 
tation currsa for th* 48,6-ninat* aeiastabl# state. Be obtained curses 
for both X-yay and electron boab&rdaent of Cd 1 * 1 . The threshold energy , 
observed by ¥i#d#hb#«fc for production of the Detestable state wee 1,25 
her for both type* of excitation* 

Th* theoretical half-live# against decay by gasaa-ray sale- 

elon of several different wxltlpol# order* for both eetaetable states 
111 

of Cd have been calculated by th* author using various foraula# 
baaed on the Vleeaacker hypothetic, Th* half-live* obtained by these 
calculations, both unoorr acted and corrected for internal conversion, 
are presented In Table I, 
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Figure 4 

ENERGY LEVEL DIAGRAM FOR Cd 1 " 
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A comparison of the experiment ally determined 48 a &.»tsttte 
half-life of the 0 ,396-Mev level with the theoretical half-llvse cerreo- 
ted for Internal conversion Indicate* dearly that the transition 

|j 4 

f»a thie level to the 0*247-? «v level 1* by electjrie 2 -pel# or magnetic 
eetupole radiation (A « ¥)» The anelgment *f A «t 4 te the O a J.H q. 

Kev traaeltion coincide# with the multiped© order designated by Helnhelts, 
3«grv#rd, end McGinn is (KJ) end by Axel tad Dancoff (Al) for this trans- 
ition, A eialler eosptrlesa for the transition free the 0,247 -K«? level 
t# the greead etate ^ 1/2 • • • 1G~* second) indicate# that A. l» 

2 er X hut doe net allow * rdiabl# asaiipwsaat of a apaelfie value te . 

A knowledge of the half -Ilf# tier* toe# rot allow datawlne- 
tiea of whether a c*as*e~rajr traneltlon involves a & electric or a sag* 
retie aultdpole, hut a comparison of experimentally obtained X er 1 
eonveraior, coefficient* er the X/l, ratio ef the eeeffielenta with the- 
oretically calculated values ef the «**e qpant? tie* eajr facilitate each 
e detemiustlor, fable II give* currently accepted ezperlneutal and 
cal O'leted theoretical data ceneemir# Internal conversion ffcr probable 
value* of A for transitions fro* hath aetaetahle eta tea in 64^*, The 
theoretical values were cal eclated trvr formulas developed V Paneoff 
end Morrison (hi) er were ebialned from tables or graphs,, based on thee# 
ferrules, prepared by Hebb and iielaon ( k 6) „ fable n lndi antes with re- 
liable certainty that the transition from the Urt.fwnimte level It by 
electric 2*-pole radiation (tha aaae assignment hat been made by Helaholt* 
et al* (85) ), Tf the transition fro* tha 8 x ICT* -sseend level is of 
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the A » 3 type, ?*ble II tMleates that It is probably by sasguetio 
<piadruyole radiation, but U A * ?i the table falls to indicate 
specifically whether the transition la "by electric <ps.adrw?ole or Rag. 
netic dipole radiation. The difficulty of assigning the correct 
(Boltlpcla order to this transition la saphaaised by the contradictory 
reports la the recent literature concerning this transition (S?2, HI, 

$ 5 ). 

X net&stable state is defined as any excited stats haring 
a measurable llfstias, #sicsacksr shovsd th&t assigning an angular 
aottsnt'im to the aetastable state differing by 3 to 5 units fro a the 
angular Rocentam of the state of lover energy to which the net eatable 
stats decays by gsmea-ray scission |ti stifles theoretically Its ob- 
servable lifetime. XnetruMer.tation sad »*sririag techniques here ira~ 
proved se such since Wei smacker suggested. hie hypothesis that decays 
ef exalted states with very short lifetimes are new detectable. There- 
fere, leontra which V ave recently been (t x 10 second C4 ) er in 
the near future will he reclassified ns us testable my have augalar 
consent u* differences less than 3, because of their v»ry short life! ices. 

Tigers 5 shews all the possible combination# of angular 
nenantnns for the ground and cetaatebls states ef Cd'^ for those 
decay sohones which are indicated by a comparison of theory and see- 
perlcont. 
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Whether a datectabla m oust #f activity of a metaetable 
state may W f*.rcit*d or act demand* on the eras# soot Ion for the 
formation of f .he metastehle atat* by tins particular type of exel- 
tat Ion process employed. The cross section for the formation of a 
mats stahls stats by the inelaetlc scattering of neutrons la usually 
▼ary snail, Ths east vlth which tho decay of a sataateble stats 
assy ha detected depends on tho snergiee of t*» gases* rays and alas* 
troaa emitted during tho daaay and on ths sensitivity of the dates* 
tion ofuipmanto Therefore, hi^» background* or substantial amount* 
of interfarina: radioactivities cannot ha toiamted. Possible sources 
of background during tMs investigation car* at ray radiation item 
endear marinas, source*, ate-, coaaie radiation, light leahs, and 
thermal amiss lea in tha photomultiplier tubs itaalf. Prior to tha 
actual esporiueat, considerable tins wee spent in reducing to a 
stiniwaa tha sttouat of background avallahla to tha crystal end tha 
Ahetstuhs of tho scintillation count or 0 Interfering radioactive da* 
caya, which may eccoupany tha dacay Of tho natnatahle state, result 
froa nuclear reactions initiated in tha lepuritiae or ether ise topes 
present in tho sample by the bombarding neutrons. 

The differential discriminator use especially applicable 
for use as a counter la this experiment because it counts only acti- 
vity of tha particular energise to vhich its window la sensitive. It 
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v*» fir* tin** la** eanottlra to bacfecrtwsrd than an Atomic laotrunaat 
imdi ooaltr, « bm both iaatrawacta #*sra ooumtls* tha i»»e ba«fejp»ua»4 
*lsttltaa»c>u*Iy u 

Tha aa$«rl«fnt*l oanplaa war* m&* fr*» htg*^>urity oovnwp* 

dal oadnlua «haat jainmfactwrad by th# Balmont Smalting and Baflnlcf 

(<5wya.3^y* of SoMU&y Kav Jaraajv A apaetraaaapi# aaalyfi* of thla 

oadaitsa indleutad that it containad akoft 0,1 par e«sl oeppar and 0.1 

par cant load, but no iapwitlo* vara praaant in *w?fl«i«at foaatitiao 

to Intarfara vith datactlsg tha dacay of th* »ata*t*!bl# at&ta. Vnt*v~ 

tu&ataXy, tha iaotcpa, C4 T \ it only 12« f par c«nt abundant in natural 

eaflaitsa, Tafela III aontaina data on all tha otnblo iaotopoa of aadnltaa 

and eiv»t th# traalaar ra*#tio«a «4\ish can occur %d*an that# iootopo# aro 

oubjootad to bo*h*rdswnt Xy neutron* of th# #n*rei#« uaod in thia •»> 

porimont. B*cay of Od 10 ? and Cd 10 ^ it not important baoaa** tha par 

•oat abundant# of Cd^ * and Cd^* 5 in natural oadnlun ia oo low, So 

112 

reaction b*tw**n CA aad aontroaa of nodorat# or laooor anargi#* hat 
boon otiimd, C4* 5 ^ aad Od** 1 * aro atablo awlid**, *e m» ffcrthar 
mtoloar roaetloaa roaalt froa neutron oapturo by Cd 11 * and Cd* 5 ^, 
fh*r*fer*« tha only poaeibl# roaoti<m« uhlefe ney intarfaro with dot ac- 
tion th# daaay of notaatabl# *0d 113 ' femad froa atabl# Cd^ utt 

(a) Tha fomantica of notaotabl* *0d 111 frea capture of 
faot neutron* by C4* 10 , 

(b) Tha formation of nataatabla fro» iaolaatie 

scattering of fait neutron* by Cd x ^ e 
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(c) fho formatters of unst*%lo Cd 11 ^ oad Cd* 17 frost aopturo 
of fart nsatroas by Cd 1 ^ and Cd 1 ^. 

(A) fho formation of *Cd U1 t Cd 115 , or Cd 117 V eapturo 
of thormol neutrons. 

'«y* of profin* that those interfering reaction* are ualopertsat or cf 
correcting for their effect will be described in lot or sections of thlo 
chapter. 

figure 6 show* the esperteentsl arrangeneat used for irradi- 
ating the esdnitsn tangles* the 48„6-r»ixrat# half-life of the 0.2>$-Mer 

ill 

oetaatable state la Cd permitted locating the counting e<?utp*«at 
root* frtm the olio of tho irradiation, figure ? shews tho estop of 
the scintillation counter and it* associated electronic equipment a sod 
for detecting tho does/ of the 4®. 6-aiuute neteetable state. 

The long holf-lires of ooso of tho unstable leetcpss of ead- 
aim which result froa nectren capture prenatsd rousing * staple until 
approximately two worts oft or « prsrlcus irradiation, The 25 easplee 
used during tho Isreotlgatlon were ostein* dirts 3 eat, in dimeter and 
1*626 an, thick, fho neet of tho disks Torted between 10.015 sod 10.045 
grans. Relatively hoary disks wsrs mood rather than light, thin foils, 
in order to inter# tho production of 0 significant mount of artivity. 
wtm though tho cross section for tho formation of tho awatartable state 
woo Tory mall. 

Darla* tho so oxporimmtol mas vhioh wars «a«d to obtain tho 
excitation curve, tho dirt; woo petitioned by m alenlnaa holder with its 
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ri#ur« 6. irr»Rc«.»»t for irradiating tka eadain* dicks, 
ahovia* th* na«n«t and cfcaabar of tha Boekefaller $an crater, the 
t*at*l*»r- tacked lithium target and tha alvuniwam disk holder. 
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flgur# 7* !>*tup of uaed for detecting the de«*y 

of th# «eta*t*hl# #t*te, *ho virus th* high~velta$* power *upply, voltage 
ataMliaer, lead««he*the& scintillation counter, eat hod a- foil over pre- 
amplifier, amplifier, differential di#crir.ln«tcr, and decade sealer. 
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wee cp*rated at lO^O volte, and tae coarse and fin* gala settings of 
th* amplifier were $ and 7, respectively, The operation «f the aa- 
plifier la conjunction with th* differential dieer Inina tor we* improved 
toy adding a oae-aicroaecond delay line clipper to the amplifier circuit, 
Prelininarjr experiments indicated that tula cento! nation ef e&Juetnaats 
to tha counting equipment ge ve tha maxinua ratio of deairad daoay 
const* ta background count*, fh# window of tha differential dlseri- 
Ainator was adjuatad to count preferentially tha daoay a of *Cd 13,1 and 
to dlaerlmlnataa aa am eh at possible against any ether interfering 
decay*. Tha actual width and location of tha window war# such that all 
p-alaaa to 4 two an b and 25 toll a war# counted. Tha nativity produoai in 
the aawpla increased aa tha energy af tha boato&rdlng nautroaa increased, 
and tha ms»ber of background count * varied from 50 par cant to k par 
eaat of tha total count a, depending an tha activity ef tha eanple, Tha 
mas ear of eeiatlllatlon~count«r counts occurring during tha h^-aianta 
count lag period vs* recorded for each saaple. 

Tha induced activity ia tha sample {aeintillation-countar 
eouate/long-oounter count •} waa platted against the naxlaws energy of 
tha neutrons traversing the aaMple during an irradiation. This neutron* 
excitation curve ia shown In Figure 8, Tha portion of tha curve toalcv 
n neutron energy of 0,8 Kev has been adjusted, as indicated by Figure 3 , 
for tha deereaee of long-counter sensitivity at these lawar energies. 

Tha swift rise of tha curve at energies Juat above tha neutron energy 
associated with tha lithlua threshold nay be due to tha deereaee in 
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center 1 b 11b« with Bid perpendicular to the pro Ion beam and at a 
distance of H cm, from the lithium target, The holder vat s»de from 
aluminum aluminum lc almost completely transparent to neutron* 

of all energies, Th* disks ware irradiated for period* ef on* hour 
with sseneerglc neutrons ef earl out energise ohtnir.ed fro a the Li^(p, a) 
reaction using a 60 far thick target on the Rocksfsllar generator, 
fifteen minutes after th* end ef the irradiation, the radioactive de- 
cay a occurring In the disks vara counted la the scintillation counter. 

If th* different points on the excitation carve are to have 
comparative value# relative to each other, the neutron f|u* traversing 
the sample wast he uni f errs over the entire period ef each Irradiation, 
Several tinea during thie Investigation the Rockefeller generator op- 
erated unaatiefactorily and the proton been vs a unstable and sporadic* 
Buna which were marred hy lengthy interruptions of tht neutron flux 
wsrs sf little value. 

The relative number of neutrons traversing the sample for 
the different points on th* excitation curve was determined by the long 
counter described in a previous section. The counter wet set up one 
utter from the target and at sere degress to the proton beau, the 
number ef long-counter counts occurring during each irradiation was 
recorded, 

fifteen minutes after tht end af the Irradiation, the decay* 
occurring la the sample were counted for a period of minutes by the 
scintillation counter, during this investigation, photomultiplier tube 
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Figure 8 

NEUTRON EXCITATION CURVE FOR ’Cd" 1 UNCORRECTED 



leag-eeuater resell irlty at w/ low energies, « region about which 
Figure 3 give* no information. Alternatively, i* nay be due to a 
slurp increase In the erase section for neutron capture by sen* of 
the cadaiu-n isotopes *t vary low neutron energies. Since this cea- 
dition oocurs *t neutron energies veil balov the oner gy of tie 48. 6» 
minute ustsstsble state, raeelntlon of the question is sot pertinent 
to the investigation of the metasteble it$U. ?he statistic* en- 
countered in cbtsintng the let* for the excitation curve represent 
an average uacertsir.ty of 2 per cent in the value of the ordinal*. 

The significance ef the two sharp chesses in the slop* of the curve 
will Ve discussed after the curve has b*«* corrected for interfering 
decays and for the neutron energy spread resulting from the finite 
target thlcVness, angular ity. etc. The existence of these breaks in 
the curve vae confirmed with certainty by the fact that their location 
wee reproduced by a second set ef data obtained three nentha after the 
flret set. 

The 15 -minute interval between the end ef the irradiation and. 

the beginning ef the U^-nircute counting period allowed any 2. 3-airmt# 
113 

meta stable *Cd to decay to a negligible amount before the actual 
counting was started and also provided the tine neceseary for trans- 
porting the esmple from the target room ef the Rockefeller generator to 
the looation of the counting equipment. 
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The shape of tha fundamental excitation carve between neutron 
energies of 0*3 and 0*7 l »#v raise* * suspicion that the «urv* raaliy 
represents the ra of 9»v<rnl activities with different half-lira*. 
Therefore, an irradiation Identical to the •# described ia th« previous 
* action vs* unde, a ad the da Mgr of th« sample vas followed until the 
activity was decreasing at a rary slew and uniform rata, figure 9 la 
a graph of tha total activity *f tha aaarale agftlEat the tin* aftar thft 
and of tha Irradiation plotted on seni-log coordinate*. Tha decay 
graph af an activity with ft single half-lifa should ha * straight line 
vfesn plotted on. such coordinate a. The curvature of the plot oaafirae 
the suspicion that tha total activity consists of two or nor* sepa- 
rata activities with different half-livas. According to tha previous 
Motion* tha possible coapoaent* of tha total activity are 45.6-ninut* 
"CA 111 , 2.3>d*y OA 115 , 43-day CA 115 , and 2. 8-hour Cd^. 

•line* no activity was observed in tha aftarpl* two week* after 
tha irradiation, tha «xiet«nea of the 43»A*y activity was ruled out* 

Tha a hap* of tha decay curve 20 hour* aftar tha end of tha irradiation 
we* what would ha expected for the decay of tha 2.33-day activity a Ion a, 
This activity wea subtracted graphically free the total decay curve. 

The slop* of tha right-hand portion of tha r* suiting cam confirmed tha 
presence ef tha 2,$-hour activity. Separation of tha 2.8-hcur activity 
in * similar mansar revealed that tha remaining activity decayed with 
n 48. 6-mlnut# half-lifa. This graph leal method of half-life *r. areticn 
le illustrated in detail ie figure 9. 
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Sixteen additional irradiations vara nade throughout Vaa 
rang* of nautroa energies covered by the unoorrected excitation 
surra of Figure K» >'>ince radioactivity decays according to aa ex- 
ponaatial lav, tha aaovunt of activity reaaiaing firs half-liras after 
its production la a negligible fraction of ita initial value, Thers- 
fora, tha aaouat of Ug.6-atnc.ta activity regaining fix hours after 
the end of the irradiation la negligible and the amount of ?. S-hotar 
activity retaining 19 hours later la alee negligible. The decay 
curves for each Irradiation vara extrapolated to ear© tiaa, and the 
total activity was reed free than at 0, 6, and 25 hours after tha 
and af tha irradiation, dine# it hat bean definitely established 
that only three separate activities exist, the knowledge of the 

r 

total activity at these three tinea affords a naans of eenputlng 
aathenatieally the initial induced activity for each separate half- 
life. Kent, the appropriate Sat swan equation for each radioactive 
decay vaa integrated between the Halts of 15 and 6o minutes. The 
total amber of decays ©f eaflh activity occurring la the U5-aimta 
counting period vaa obtained by substituting the specific values ef 
initial activity in tha proper equations, finally, this Information 
vaa used to express tha Integral quantity of sack separata activity 
aa a fraction of tha total activity observed during the b5-»inute 
eeuntlag period, figure 10 shews tha varying shape of the total de- 
cay curves for substantially different fractions ef b3. 6-clnute 
activity. 
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figure 11 coat tine the teparated excitation curve* for th# 

thro* different activities detected by tho scintillation counter. The 

su^qnltude of each activity w»» obtained by multiplying tho ordinates, 

at tho prep or neutron energise, from tho fundamental excitation curve 

of rigTiro 8 by tho fractional values calculated for ouch of tho 17 

holf-ltfo separation m», The probable orror is tho ordinate* of tho 

curt a* of figure 11, vhlch l* primarily duo to tho poor *tattotleo ot 

tho low-act ltity end of tho half-1 If o separation decay curt a*, lo 

ootlaatad at approximately 5 par cant. 

The possibility that some of the activity detected any ho 

due to tho capture of thermal neutron* mst not bo overlooked. Tha 

•ourc* of thermal neutrons could be the Multiple a eat taring of fast 

neutrons fro* tho veils end floor of tho target room. Dempster Oft) 

113 

boo determined by aoso spectre gray hy that Cd la the Isotope of csd- 
mlua mainly responsible for tho absorption of thermal neutrons, ’'oyer, 
Peters, and Schmidt (K2) have also rsported that thalr cross- section 
determinations for enriched cadmium Isotope* Indleatosthat absorption 

113 

of thermal neutron* by all tho isotopes of cadmium except Cd lo 

113 

negligible compared to tho capture of thermal neutrons by Cd . Tho 

previous section hot already pointed out that the capture of neutron* 

113 

of any energy by Cd 1* unimportant to this investigation, because 

n4 

Cd lo stable and no interfering decays result, Tho conclusion 

% 

that tho oentvr* of thermal neutrons In general lo tkalispertant ves 
reaffirmed experimentally during this Investigation. An Irradiation 
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nee aeda i oa a esndvleh of thro* identical eednlun Beasgr eurree 

for an out or disk which mm exposed to any t-ac’/rwjnA of thermal neutron* 
*Meh stay bar# axtatod to the target rocs nsd for the center diefc which 
we* ehlelfieA fren each a WakgreanA wore **eat within etntistlei* 

Aa eocarete determination of whether any of the 48,6-sisut# 
sets stable QA 1 * 1 w*s being ferswd by the ebeorptlen of fast wmtTOM la 
OA 12,0 , instead of V tho iaelastlc eeattering of fact aeutreae by CA 2,12 , 
sat Ispoossifclo. Severer, the relatively enall aswsat* of 2,*-4«y aaA 
A.33*hou» activities obeerveA and the d worth of the hA,6~ainuto acti- 
vity ia the vicinity of a Q,U-ilcv s«atna energy indicates that tha 
area* section fee this capture reaction ia rosy email ia an energy 
rang* covered by thic invcctlgatica, Therefore, the affect of neutron 

IV) 

capture by CA baa bean neglected. 






The energy resolution of the abscissae of the excitation curves 
obtained during this investigation nay he off acted V three factor*! 
fluctuations in th* energy of the proton base, the thickness of the Xlthlu* 
target, ned the l^twlctec of neutron energy on the angle of neutron 
orLssIo a relatl re to the direction of the proton bee*. 

ISerlng this eacperlflMMit, the Rockefeller generator was operated 
with a total exit tilt opening of one ns. Such en adjustment of the 



teen defining elite, together with other characteristic* of the generator 
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which contribute slightly to fluctuations It* the proton energy, causes 
« spread in the enorgy of the proton* striking the lithlus target of 
las* than 5 kilevelte. She spraod in asutron energy resulting from 
thl« resolution in proton energy relative to th« apread in naatr&n 
aasrgy caused by other reasons is very small. Xn fact, It is prob- 
ably asaallar than the probable error in the determination of tha thicks* 
ness of the lithium target, therefore, ite effect hat keen neglected. 

Bee&us* of the lots cross section for the formation of the 
netsstable state, it was necessary to use a thick lithium target and 
to plant tha sample does to the target. In order to excite a sig- 
nificant amount of activity in the sample, This procedure involve* 
a sacrifice In the reaollfttien of the energy of the neutrons travers- 
ing tha sample. 

A target with a thickness equivalent to &) kilovolts of 
proton ener^r was used to obtain the excitation curve shewn la figure 8. 
The method ef determining the target thldknee* is described la Chapter 
m. The nsmtrone produced, in a target of finite thickness follow a 
rectangular washer- energy distrihution. The average spread in neutron 
eneriy resulting from the 60 -fcilevelt target C expressed In proton en- 
ergy) is 50 kilovolt a. 

Tha >em» cadmitsa dinks were located k am. from the llfthium 
target during the irrediettens. kith the sample at thla position, all 
the neutrons emerging from the target between the angle* of 0 and 20.6 
degrees strike it. The epread in neutron energy, due to emission angle. 



varies from 25 kilovolts at a neutron energy of O.k tfev to 4o kilovolts 
at 1.H Hot. 

In figures 8 and 11, tha activity induced la the sample* la 
plot tad against tha maximum an orgy of tha neutrons producing It. It 
ia desirable to correct tha a a carrot to that tha induced activity la 
plotted against tha *a an energy af tha neutrons producing it. Willard* 
(«6) ourvaa of neutron yield from tha Id7(p»n) reaction voraua angle 
of neutron aaslaslen indlcato that tha yiald la nearly const ant for 
angles up to 20 degrees In tho energy rang* of this Investigation. 
Tharafora, it vaa assumed that tho neutron flux was unifora over tho 
whole anglo at tho t argot intercepted by tha eaapla whoa asking this 
correction. 

In tha following dlscua a Ion, tha total nautron energy spread 

due to target thickness la represented hy As and that due to tho 

P 

•olid anglo intern opted by tha cample by . Tha actual values of 

A I and for tho energy range covered In this experiment, vara 

calculated with the aid of a tahlo, * 1 ? natron Energy as a Function of 

7 7 

Proton Energy and Anglo for tho II* (p,n)Bo' Reaction, * prepared by 
Willard (w6). 

hot it he assuaed that tho cress section for tho formation 
of the mats stable state la constant over the energy spread, A end 
that the neutron beam la meneergle at ssro degress ( A j i « o) . Then, 

r 

as tho anglo at tho target Increases, tha increment of annular araa on 
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the staple, aatoeiatad with * specific lnerwiat of A also in- 
cmin, Therefore, the washer of neutrons of * vpeclfie or. orgy 
striking the BsKtsplo Increases «« the angle at the target increases 
and tho neutron energy deareaaee, fhe moan neutron energy, consid- 
ering one rgy dependence on angle only, la rigorously calculated to 
ho [•jpgyj - 0.71 ^ j . fhe scintillation counter, because of 
geoaetry, counts tho decays occurring near tha out aide af the *a>nla 
Xaaa efficiently than theca occurring at tha cantor of tha aanpXa. 

This tends to counter* et tha off act described chore, and tha seen 
energy of tho affoetlra neutrons nay ha taken aa ftp roxiaatsly: 

[* mbc -o. 5 A^] . 

Than tha total oorraetlon to ho subtracted fro* as- 

casing a rectangular naabesv energy distribution for tha spread af 
neutron energy due to target tMefcnsss, la approximately: 

[^0.5 A + 0,5 A Sgj . McQm (H3) hat derlrtd a fotwula which 
inoludae secondary affects duo to changing curvature for raking 
this typo of correction, The sinpllfieetien af KeCue’ a foraala, 
shown helov, gi raa an approximate, hut canranlant, n a tho 4 of Raking 

tha desired correction to the neutron excitation curve, 

\ 

* ,( \caa ) " k/3 “ 1/6 * * I • •• 4(1 *a* ” * } 

**ax * »»xi*u» neutron energy read fre« figure 11, 

5 - 0.5 ♦ 0.5 A ^ , 
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k{ X} « induced aetlrlty for wirzy X Tend fra:: figure 11, 



2 *2 <5 “ «m» an neutron energy on eerr«ct«d *xei~ 

QUA *luC 

tfttlon curve. 

A , (2 jb ^ m| ) « induced activity fey n«an neutron «n«r0 on 
correct mI exei tat ten euiv*. 

The use of the abev# app re arise t let*. Is Justified because it 



involves only a slight deviation from the true correction, which Is s 
seell per sent of the total induced *eti<rity. This correction does 
net apply at the threshold* for the f onset lor. of the netasteble state 
and hiritx*T ereited levels (indicated by nherpechangs* ia the slope ef 



chore these threshold#, then the aaxlsruii neutron energy ie just *$u*l 
te the threshold er.srgy, the correction met be cere tocsu.se only 
neutron* vith the threshold energy are contributing to the excitation. 



striking the ssaple are potentially effective, and the correction he* 
cones applicable. In the region where the correct Ion, escordlag to the 
•here foreula, ie not snplleabls, the true correction ie Tory cow? 11* 
eeted and depend* on the fraction of all the neutron* striking the 
eosple which ie effective In causing excitation, as well as on Al y 
and , Tbs .secant ef experimental data obtained in these critical 

regions wi insufficient to alley shaking an accurate correction te these 
portions of th* uanerrected excitation curve of figure 11. 



the excitation cure#/ *r In the energy interval etcal to 



t A V A, fel 




shore the threshold, all the neutrons 
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• simplified forsula w*.n appllad to th* excitation mxrre of 

Pigur* 11 , except in th* critical regions afeev* th* three threshold*. 

la th#s# region*. th* correction varies from ssro at th* threshold 

to th* nagaitud* given by th* formula at an woargy of ( A 1 • A 5 ) 

P e 

above th* threshold. Th* corrected ewe * t* 1* shown in Figure 12. Th* 
ehape of th* curve in th* uncertain region* ah*** th* threshold* ha* 
been estlsatad by sxtrspelating th* knots* portion* of th* curve back 
to th* threshold snergl «*• Trom th* ee?o«#-s*etion standpoint, th* 
uest important part of th* exaltation curve 1* between th* threshold 
for th* formation of th* Ketaetnbl* state and th* first sxeit*d level 
•hove it. Sin** this portion of the ear** i* relatively flat, a 
slight error la th* ahsp« of th* curve lust *Wv# th* threshold 1* not 
vary eeriou*. It should ho noted that the threshold and th* excited 
1 «t* 1« occur at the ***** *r.*rgle« on both Figure 11 and Figure 12. 

Th* corrected excitation eurr* indicate* that the threeh- 
hold for exciting th* metastable state 1* hOO - 25 F#v. Th* pr*s*ne* 
of excited l*v*l* at f2Q t 20 Ksv and at 1.15 * 0*02 H*v is also evi- 
dent. Th* error* a » signed shore ar* duo to uncertainty la determining 
th* target thicfcno**, in correcting for interfering half-liv**, tarret 
thlekaiM, etc., and in drawing th* cure* it eel f. 

fteteralnatlcm of th* Absolut* Croe* Section for Formation of th* 
Motaatahl* ^t*t* 

A knowledge of the absolute cro«a section for th# formation 
of th* eat a stahl* atat* may facilitate assignment of a vnlu* to t 



t 






« kUt# 



• * 



<«P A - A ' 



» •» to 
•I * r*, 



unUr-i 

at to>< 

• Ml# tf 

•« ¥ tor* totoltox ^ a 
1 .«• 

' « «*• U 



•* 4 *a 






* 



•*• ito Mto r #* v * 4 . 

A Jkft tf*»; «| 

•I M torOI *~f **,’ , *«, ***** *#| 1 * • *to * 1 * U 
Wato^** w* f«A tow ^ totol if 



? 4 * !•/*•* to f m:« ikilMto* k*M^. mJ§ 

-toJ ^ tj »•' • I • «*•*./' . Mil # * ».*. •'•I 

-tm mUtfmt *j> -' ft./ m m •! « : rn „ .*_, 



*«u* >%.«*»4 vi ip 1 

.kinri 



•I ,« 

If 



• to,.., If 

to 



. 5 . 



tol k 4 

• %• 






to • 



Corrected Curve 



53 




£ OI x(sjunoQ jajunoo 6uo"| 

/sjunoQ jatunoo uoi jd||i;uios )- Ajiaijdv paonpui 



54 



th# erbltsl ssgalar aeasatsm of the neutron vhl ch trolled the state. 
The determination ©f this cross section fror* th# exparlwsntal data 
already obtained retires a fcnevleige ef th# absolute neutron flex 
lac Id art on thomqpl# and cf the #ffieleR«y ©f th# scintillation 
counter for eeentlng th# decay of th# metsstahl* state.. 

Th# absolute neutron flax v*s determined for ©ns point on 
th# exaltation carve by utilising lenses, faeshek, tnd Willis*# 1 (B?) 
da ta on neutron yield from th# Ll^(p,n) reaction. A «#Kpl» vs* ir- 
radiated for one hour with neutron* from a 3.1-f «v pro ten beam 
Incident on a ^s-Wlcrolt 11 thins tercet. Hansen et al. report that 
a proton b««n on a hO-lcilevolt target yislds 4.3 x lO^nsmtrons 

per aierooauloafc per unit solid angle at *#ro degrees. Assuming that 
the yield le directly pro‘M 5 rtlor.nl to target thlclmeos at thle energy, 
the yield during the one-hour Irradiation of the cadmium eaag>le was 
3.2 x H 6 neutrons per oicroeonlewb per unit solid angle at sere de- 
grees, The total wraber of aiereeeulcEbs recorded by the hear# current 
Integrator of th# Rockefeller generator during thle run was 20 630 , 

The solid angle intercepted hy th# 3»c*. diameter dirt: located 4 csn. 
eyty Is 0.396 staradlsns. Therefore, 2.61 s 30 10 neutrons traversed 
the sample daring the irradiation. Thle oawole was also counted in 
the scintillation counter for Hj minutes, starting 15 «1 mites after 
the end ef the irradiation. The induced activity far this run, ex- 
pressed at acintillaticn-eounter eounta par incident neutron was 
7.56 x 10~^. The induced activity from the exaltation curve of 
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Figaro 22 for tho sow© «e*n a eatron energy* 1.257 M#r t i© 8,48 * 10“^ 
•clntiiletio&»o<5unt?r count o per lon^-ecunter cettnt. Sh© cnrr© of 
Figaro 22 * ay ho normalised t« giro indue*! activity la terse of ecin- 
til let ion-counter count • per incidoat neutron hy wultiplying it* 
•Tdinatt* %t the rati© <7.5^ * 2Q~ 7 /f.4€ * 10~*) * 8.92 x I0"^. 

71m rotolTing ties# of ih© scintillation coaster at© sot 
•hert eneugjh t© diner ialnat© halwoon t ho decay ©f tha US.^-sdnute a»ta« 
atat© aad th* decay of the f x 10 -cooond metaetahl© ttato. 
Therefor©, ©oeh tracsitloa froa th# 0.396~Hev level to tho O.g^-^ov 
level i« ae»e*'-*aied ty * elsmltanecmo transition frew tho o* 247-Mow 
level to tho ground ©fate, loth gawaa-rey tres*itien* a r* partially 
Internally ©©averted. All tho yeaolhlo radiations available to tho 
want or fro* this does? oohano aro listed holovi 
(©) 0 o l49-M«v unconverted gum* ray. 

(h) 0.123-Bov eenve ralon electron, 

(o) 0 o 2k7~M$v wawnrorted gama rsy. 

(A) 0.221-Mev conversion electron,, 

(©) 0.0F6-M©v eed&iua X-ray, 

Tho Q.lfcH*©* gaont ray 1» $ 2.25 ?©* ©vat Internally e*n- 
▼erted (a • 12) and tho 0,247-Htv grass* my la 9.09 per cant inter rv- 
ally converted (et « 0.1) (Bl) 0 Tho range cf tho 0.222»3«v electron* 

In ©adoiu* to 0,005 cm. end the eesspl© Alike were 0.1625 c«, thick. 
Therefore* only the 0.005 »„ layer ea tho outside of 13i© dish toward 
the counter io off estiva in witting electrons* and tho washer from 
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thie source Is negligible. The 0*12>*&*v sleet ro»e have a <ncch shorter 
range, #o their effect le evea acre negligible. The self absorption 
ef the X-rays, 0.1 l K> •*’<«▼ «««* rays, and 0.2U7 -m#t gamm rays la the 
cadmium disk le per east, Mo per cent, end 20 per cent, respect- 
ively* A comprehensive treatment ef ell the nuclear date given shove 
Indicates that <6 per cent ef ell the radiation emitted during the 
decay ef met* stable Cd“ 11 la 0„ 247-Kev ^converted gam is rays, Bine# 
the counter efficiency probably Increase* vlth Increasing gmtfee-rsy 
energy, the 0,^7-Wev gamma ray may be an even greeter fraction ef 
the total effective radiation* therefore. In determining the effi- 
ciency ef the eclat illation eouater, it %dll be assented that only 
the 0*247-K«rr g$ssea raye are counted* Of ©cures, the total number 
of ©oust* recorded by the scintillation counter includes 1*5-M#v 
beta rays fro* the decay of 2* 8-hour Cd 11 ? «sd o« 6-'<ev beta raye, 
1*13-.m«v beta ray# and 0.52-Hgr games raye freu the decay ef 2.33~ 
day Cd^ aa vail aa the radiation fro* the deeay ef metaetable 
♦Cd**\ Part ef the unvested radiation from Od 5 ^ and Cd 11 ^ la earn* 
eluded by the vindev ef the differential diecriminator and the re- 
mainder h*a been separated from the radiation emit ted by decaying 
metaetable *Cd J ' by the half-life- separative method already de- 
scribed la a previous section* 

Hg* ** decay# vith a 48-day half-life by emitting e 0.2X0- 
Kev beta ray and a 0.279- «v gemma ray. This Isotope vet readily 
available at the time ef this Investigation* Since It emits e 
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•ingle r*y of nearly the same energy its the 0.2h7-Kev s*bu 

111 

ny fror metaetable *Cd and also has a relatively long lifetime, 

H g 20 ^ mi chosen as a standard for estimating tha afficiency of tbs 

111 

aaintlllatloa count sr for detecting tbs decay of metestable *Cd , 
Sons S* 203 vs* sealed between %*© Incite disks, 3 on, in. diameter 
sad l/l6 Inch thick. The uniform distribution of tha Hg 20 ^ between 
the disks (gate approximately the sane counting geometry at that of 
tha Catalan staples. She Incite completely absorbed the beta r*J?. 
The method ef determining tha absolute rate of gs«aa-ray sstleslon 
by the standard la described In Appendix S. 

At the time the efficiency ef the scintillation counter vae 
determined, the tg 20 *^ etandard emitted 1.107 * 10** games rays per 
second. The activity ef the standard, the minimum acceptable to 
the platinum-screen gswna-ray counter used, for standardisation, was 
sufficient to Jam the register ef the differential discriminator. 
Therefore, an Atomic Instrument Company Model 10 5 decade eealer with 
a conventional discriminator was used with the scintillation counter 
for the efficiency determination. The standard emitted 

2.9® x 10* gamma rays during a U^-siaute counting period, end the 

c 

decade sealer actually recorded 1.672 x 10 counts during this time. 
This gives a counter efficiency of 0.56 per cent. Since the differ- 
ential discriminator mat used for the experiments! suns, this figure 
oust be corrected te take inte account the radiation which la ex- 
cluded by its window, and a correction must alec be made for the 
radiation which la self-absorbed In the esdaitn sample. 
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0>y Datsraxna the absolute r.uabsr ef .«cv* for this 
pacific run by applying th* efficiency obtained 
with the AseaA# scalar and the Hg^^ standard. 

(a) Alter tha curra of Tlgur# 12 at tbs naan naatroa 
energy used la (a) and aoraallze tha surra to tha 
absolute rain* detaraiasd in (b). 
fhe asora procedure was not used because tha window of tha 
differential dlserlaiaator excludes a large part of tha unwanted aeti- 
▼ity fros tha decay of CA 1 ^ and C4* 1 *, which i« so’xntad by tha decide 
scalar. 

Tha cross section for for.aatlcn of tha ast a stable stats was 
ooaputed by uta of tha following formula) 
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1^ « nsutrene incident an tha eiusple, 

I • neutrons which trararsa tha •axzlr. without exalting 
tha netastable state. 

Ip • I * neutron* exalting tha aetastable state. 

3 

a » tha atuaber af seat taring nuclei par m of sanrpla. 
<5” *> crass taction far formation of tha netastable at ate. 
t • thickness ef tha sample. 



Tha appropriate oaleulstie* Indicate* that 0*3^3 of all tha 

111 

C4 wttlai excited to tha Metastsble laral during th# irradiation 



decay during the UjJ-alrait* count lax period. Frserefore, the quantity 
(I 0 ~ X) alto aqual* the absolute nambsr of decay* occurring during 
the counting period divided by 0*3®3» After final eispllf loot ions 

x n “ 1 

» 0.686 x ordinate of figure 12. 

0 

figure 13 ie * graph of the ccoee eectlon for formation of 
the netastable etate plotted agalaet the mean energy of the Incident 
neutron*. The ordinate of thla curve le eubjeet to an est lasted error 
of - 25 per cent due te» 

(a) The probable error la the ordinate of figure 12. 

(b) The uncertainty in the absolute rata of ganaa-ray 
emission by the Hg 20 ^ standard. 

(a) Tha a scoop t ion that the scintillation counter counts 

only tho 0. 2h7-M#v gamma ray from the decay ef the 

111 

metaetable etete in Cd . 

(d) Srrer in determining the absolute neutron flux. 

Coarparieon of the Theoretical and ftcperlmcntal Croee Section* 

A comparison of the experimental croee section for the forma- 
tion of the meteetable state with the theoretical croee eectlon, 

<5” e ( J 2), far tho formation af tha compound nucleus, Cd** 2 , a* a function 
af for tha ineoaing neutron allovt tha assignment of e maximum value 
to tha orbital angular aonantum tha neutron can carry in. The quantity. 
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Figure 13 

CROSS SECTION FOR FORMATION OF 
METASTABLE STATE IN Cd 1 " 
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^ Jt £ )| has been calculated fa llevisg the method of Blatt »nd 

Vsisskopf (B3, as described In Chapter XI, for the neutron- energy 

region froa 0„2 *•> Bo 1*2 Mev for value* of £ free ser© through 

% It should ho noted that these calculations involve tho kinetic 

energy of tho neutron l« the center of mss system. Severer, sine* 

^111 relatively hoary nucleus, tho hlnetlc energy of tho 

neutron it essentially tho ease in both tho center of un and tho 

laboratory system* Those cT ( A ) * • which aro In a range a fey ordor* 

c 

of rtagnifrude shore and below tho experimental cross section for tho 
formation of tho met eatable state aro plotted against a sen neutron 
energy In Figaro lU. The experimental cross section in tho rloinity 
sf the threshold has also boon plotted on the graph la Figure IK 
Tho curves of Figaro lU art plotted on semi-log graph paper is ordor 
that a practical scale nay ho used for tho vortical coordinate. An 
unqualified evaluation of those curves indicates that ths nest angu- 
lar meuoatua which m neutron can carry into tho compound nucleus is 

l • 2 . 

tho formula for W^, tho fraction cf nuclei decaying from 
tho compound nucleus to a specific excited stats, is also given la 
Chapter XI, An inspection of tho forwulaa for c S" ft ( i ) and shove 
that for ths ease e f £ « 0, the cross section cT 1 (0) decrease* as 
(B « ami, therefore, ths probability of dsoay to ths specific 

stats associated with imer esses at (1 - 2^} 3 ^ 2 . Vhen aa £ * 1 

neutron is snlttod in ths decay of the compound nucleus, ths probability oV 
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decay increases as (X - I^)^ 2 and, In «• (S • 

A uftthesatioal analysis of these formulas indicates that If the decay 
oeeurs hr the «al#aion of an ft » 0 neutron, the eurre of Wj versus 
* outran energy approach** ito threshold perpsndisular to the horlaental 
axle. Tor the caaa of hi «fcsy values, the eurre appro ache« the 

threshold tmgm% to the horisontal axle, 

When the exo arisen tal erose section for the formation of 
the note stable state Is divided by the erase section for the format ion 
of the e<r^otmd nucleus, the resulting quantity la W, f the probability 

St 

that the eewoound nucleus will decay to the net ast able state. 8ueh a 
calculation see carried out usings the euperlncntal cross section for 
the f crustier. of the aetastable etate and the theoretical value of 
<5"^( 3) . The curve ef ^ versus Keen neutron enargy is shown in Figure 
15 . the shave of this curve in the vicinity of the threshold indicate* 
that an j£ » 0 neutron lo saltted free the ocapeuad nucleus. The curve 

«i M 

deviates from the (B - curve as the neutron en ergy increases 

sbovs the threshold value, because competition from decay to lord* 
other than the nstastable state eonmenees ao the energy increases. 
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Y. CCI0LVSXC33 A¥D aOMZlflOBJ 3TO3 mfflQft IKf£5?XOATXCS 
DISCS38XO* JU® SlECiART or B wults 

The neutron excitation cur to obtained during this lnvssti~ 
gation indlcrtaa that the thrash) Id energy far the forustioa ef the 
aetastable state 1* O.UOQ Ksv and also reveals the exist sues of 
energy Isrsla at 0*729 Kev and 1,150 Mot, The location of the a«ta~ 
stable state it currsnily aceepted as 0.3)6 Her shore the ground 
•tote. Therefore, the attires excitation eurre lull sates the direst 
excitation of the aetiistable elate. The eatatsnae ef the 0,720 «*Mot 
energy lerrel hae not been reports*! previously, The 1,150-Mev sntrgy 
level i* probably the *a«e one whteb Wtedenbsefe (YJ) obtained by 
both photon end electron to»bard»»at and to which he assigned the 
ma.tr & of 1.259 *'#v» The result* of this investigation and those 
results obtained by Zbel (El) indicate that neutron excitation gives 
subtly lower values of energy than phctca or electron excitation 
give* for what are apparently the Muse levels. 

The cor pari sen of theoretical and enperi anted cress flec- 
tlone indicates that aa i * 3 nsutron ferae the compound nucleus, 
which then atits an J[ • 0 neutron. If the aetaetable state la ex- 
cited directly, conservation of angular couentua and parity for the 
above l values gives the setaetabla state a poesltla angular con~ 
entua of 9/2, 7/2, or 5/2 and a parity different than that of the 
ground state. According to figure 5» tbe uoat probable value ef 
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angular nscwentm for the uetnetabla state, whaei tia parity la differ- 
ant than that of the ground etete, la 13/2 and tfaa 0. 1’49-Kev transition 
la by alaetrla 2^-ptl* radiatlca, ufell# tha 0. 24f«K*v transition la hy 
Mtgaetle quadnrole radiation. An angular atomaatwa of 9/2, 7/2, or 5/2 
far tha «etaatabla at at a la possible for thia decay eeheiae, hut «och 
laaa probable than 13/2, Tha probability far tha above possible 
valuta decreases rapidly aa tha magnitude ef tha angular nauantun 
decrease*. 

Although tha curve for tha exparineatal eroaa section chows 

la Figure l4 la above tha theoretical curve far * * 4, it la wish 

cloaar to tha curve for ji * k tha* tha mm for 1*3. Aftar een» 

aider! ng tha uncertainties involved la determining tha experiment*! 

eroaa section, it la conceivable that tha experimental curve aay ha 

aa rruch la error that it a true position should ha halov the 1 « H 

thaaratlaal curve. If thta la tha caaa, an 1 « 4 neutron excite* 

tha aataatahla atata directly. If tha point* on tha esperinantal 

eroaa teat lea curve retain their relative position# and the curve, 

a* a wholp, Roved vertically downward until it la halov tha 1*4 

thaoratleal carve, a new graph siniler to the one In Figure 15 would 

•till Indicate that aa 1 * 0 neutron la emitted by the corrpound 

nucleus. These new conditions would give the aataatahla atata a pea- 

tibia angular aenanturs of 11/2, 9/2, or 7/2 and tha aa«a parity aa 

the ground state. An angular nonentm of 11/2 and so parity change 

are consistent and neat probable, as shown in Figure % for tha 

k 

assignment ef electric 2 -pole radiation to the 0 . 1^9-K«v transition 
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and na&xtlo dlpelt radiation to th# 0. 2 k 7 -..o. «v tra-aaitlon. Th# atsra 
t» 1 o*» of an^ilar nowastur or# al«e possihl#, Vat not prohahl#* for 
th# 0**9 shor# th# C.lk>-M«r tr*utlUor It V #l#«tri# 2 ^-jjoXo radift- 
tlon and th# 0 . 2 U 7 -M«r tranaltioa to >7 elec trio $ua&rupol# radiation. 

iltllnaU (.*&} has rary r#«*»tXy itatit that th# 0.39^**' 
Irrol has «,» angular »«ft#ntta» of 13/2 and &#*ajr§ hy olootrie 2***pol# 
radiation to th# 0.2H7-M## l<rr#l and that tit# 0.S&7-H** l#v«X has 
an angular wmmtm of 5/2 and d**«y# ty alaetri# ^uadriayol# radiation. 
?h#M assigmaasta of spin and typo of nultiyol# civ# totJj watastahl# 
slat*# tho *#»* parity so th# ground It# datarainatioju ar# 

haa#d oa # eeaparlsoa of «q>ari»#»tal v»!u#a of half-Ufa, soar fu- 
sion radio*, #%o„, vitfe th«or#ti«al r«lati •»# py###©t#d la 8es«*a (SI) 
tshlaa for th# ST conversion (S### 1 # tables v*»o not 

availrVl# to th# author until aft or th* int#rpr*tatica of tit# aapssrl- 
Montal rsaalt* of this Investigation had horn aoceffipllotiod). ^o&innlt* 
daeay cchsu# i» th# on* Which th# author Initially eoaeld«r«d next 
pribabla (**« Fibres), hut ^fortunately it do## not ttgra# sdth th# 
«o«t probabl# r*lxw* of angular mnm&m indicated at possible by th« 

«sp«riat#®t#l result* of this letiiliciitiwi. 

#%# 

In decay# by #l«otron eaptur* to a 0,4*3 D-M#t level la 
CA . Th# prehabi# error In th# threshold morgy obtained by tbit 
Investigation for exciting the wetastabl# #t*t# 1 * #f #eoh aacsiiud# 
that tha #Kfiitatiott carr# tumid ha read to indicate th# 4lr#ct #**ita- 
tien of th# 0 .H 20 -!'.#v level and it# Icaeadiat# &*my to th# Ketastabl# 
•tat#, tbo pr###ne# of th# O.U 20 -«#v l«v#l has only ham obaerved in 



connection with the decay cf MV««pts to separate any 48.6- 

minute swiaetable *C4 fro* decaying In A *"* hare been unsnecsesful 
(mU). KoGinnle he* assigned as angular swweatun of 7/2 to tide 
level aad report* that it decay* to the 0* 247-> ev level by the eaie» 

•Ion of Kagan tic dipole radiation. If the 0» 420-tfer level was 
excited directly daring this investigation by an t m J neutron, the 
parity consideration* of MeOi&ais* s decay eshuee for thie level are 
not satisfied, Direct excitation of the 0*420- Her level by an J t H 

neutron la consistent with parity considerations, tat vary improbable. 
Since the energy differential between the G„420~M*r level and the 
0*2J»-K«v level ia ee snail, a transition froa the 0,420-Xsv level 
to the 44S»£-«isa*te me teat able level ie even no re improbable, there- 
fore, it ie very doubtful that the 0,430-Mev level wee excited directly* 

Figure l6 shove the neat probable decay scheme* of those 
oonaidered peseible ae a result of thie investigation, 

Suggestion* for Farther I w»«»t lection 

The neutron eaeitaticn curve dhoald be extended to higher 
energies in order to confirm the energy level* at 1 .68, 2*08, and 2* 56 
Her obtained by Yiedenbeoh ( '*>75 tree both photons and electron excitation. 

It it planred to retain the expertaentsl e<juipa«nt, used dur- 
ing this Investigation, Intact for none tine Into the future, There- 
fore, it la reeosssendei that additional experimental work be directed 
toward a better d*t«r*inatioa of th* absolute cross section for the 
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